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METHOD AND APPARATUS FOR OPTICAL 
DATA STORAGE AND/OR RETRIEVAL BY 

SELECTIVE ALTERATION OF A 
HOLOGRAPHIC STORAGE MEDIUM 

RELATED APPLICATION DATA 

This application is related to the US. patent application 
Ser. No. 09/016,382 ?led Jan. 30, 1998, and entitled “Opti 
cal Data Storage by Selective LocaliZed Alteration of a 
Format Hologram,” by inventors Lambertus Hesselink, 
Robert R. McLeod, Sergei L. Sochava, and William Phillips, 
Which is assigned to the assignee of the present invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to the storage and retrieval 
of digital data using, an optical medium. More speci?cally, 
the present invention relates to a novel optical storage device 
using a bulk optical recording medium having a spatially 
modulated refractive index With data stored thereon as 
localiZed alterations in the medium. 

2. Background 
Optical data storage technology has tended to folloW tWo 

complementary lines of development. In one approach, data 
is encoded as minute variations in the surface of a recording 
medium, such as a compact disc, or CD. The data are 
readable using optical means (usually a laser), similar to the 
Way in Which data recorded in a magnetic medium are 
readable With a magnetically-sensitive head, or data 
recorded in a vinyl medium are readable With a needle. 
Unlike vinyl recording, hoWever, in optical storage the data 
are usually stored digitally. For read-only compact discs, 
data are stored as microscopic pits on the surface of a 
substrate. In addition, recordable or re-Writable bit-based 
optical systems are readily available. Examples include 
magneto-optic systems, in Which the orientation of a mag 
netic domain changes the direction of rotation of the polar 
iZation of a re?ected, focussed light beam; phase-change 
systems, in Which a medium can be locally crystalline or 
polycrystalline, each of Which states have a variance in 
re?ectivity; and, dye-polymer systems, in Which the re?ec 
tivity of a medium is changed by the high-poWer illumina 
tion. 

Each bit of data has speci?c physical location in the 
storage medium. The storage density of optical media is 
limited by physical constraints on the minimum siZe of a 
recording spot. Another basic limitation of conventional 
optical storage is that data are usually stored on the surface 
of the medium only. Recording throughout the volume of a 
storage medium Would provide an opportunity to increase 
capacity. 

Multi-layer storage is also possible, but usually requires 
the manufacture of special, heterogeneous, layered record 
ing media, Whose complexity increases quickly With the 
number of layers needed. Most commercially-available 
multi-layer optical storage media offer no more than tWo 
data layers, and come in a pre-recorded format. 
An alternative approach to traditional optical storage is 

based on holographic techniques. In conventional volume 
holographic recording, laser light from tWo beams, a refer 
ence beam and a signal beam containing encoded data, meet 
Within the volume of a photosensitive holographic medium. 
The interference pattern from the superposition of the tWo 
beams results in a change or modulation of the refractive 
index of the holographic medium. This modulation Within 
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2 
the medium serves to record both the intensity and phase 
information from the signal. The recorded intensity and 
phase data are then retrieved by exposing the storage 
medium exclusively to the reference beam. The reference 
beam interacts With the stored holographic data and gener 
ates a reconstructed signal beam Which is proportional to the 
initial signal beam used to store the holographic image. For 
information on conventional volume holographic storage, 
see, for example, US. Pat. Nos. 4,920,220, 5,450,218, and 
5,440,669. 

Typically, volume holographic storage is accomplished by 
having data Written on the holographic medium in parallel, 
on 2-dimensional arrays or “pages” containing 1><106 or 
more bits. Each bit is generally stored as information extend 
ing over a large volume of the holographic storage medium, 
therefore, it is of no consequence to speak in terms of the 
spatial “location” of a single bit. Multiple pages can then be 
stored Within the volume by angular, Wavelength, phase 
code or related multiplexing techniques. 

Unfortunately, conventional volume holographic storage 
techniques generally require complex, specialiZed compo 
nents such as amplitude and/or phase spatial light modula 
tors. Ensuring that the reference and signal beams are 
mutually coherent over the entire volume of the recording 
medium generally requires a light source With a relatively 
high coherence length, as Well as a relatively stable 
mechanical system. These requirements have, in part, hin 
dered the development of inexpensive, stable, and robust 
holographic recording devices and media capable of conve 
nient operation in a typical user environment. 

In order for volumetric optical data storage to mature into 
a viable data storage option the process must be developed 
so that the operation is relatively simple, inexpensive and 
robust. Foremost in this development is accomplishing 
multi-depth bit-Wise optical data storage and/or retrieval. As 
data recording proceeds to a greater number of depths Within 
the storage medium it becomes increasingly more critical to 
isolate the recorded bit Within a speci?c area Within the 
medium. In multi-depth storage and/or retrieval, it is also 
important to Write data at a given depth Without affecting 
data at other depths. Further, for multidepth bit-Wise optical 
data storage and/or retrieval, it is important to have separate 
Write and read conditions, so that readout does not nega 
tively affect recorded data. 

BRIEF DESCRIPTION OF THE INVENTION 

Brie?y, and in general terms, the present invention pro 
vides a system and method for storage and/or retrieval of 
digital data using a bulk optical recording medium having a 
spatially-modulated refractive index pro?le that can be 
altered locally. Data can be Written on multiple layers 
throughout the volume of the bulk recording medium using 
relatively simple and inexpensive optical methods. 

In a presently preferred embodiment of the invention, the 
bulk, monolithic medium has a periodic, spatially 
modulated refractive index that varies along a single depth 
axis of the medium, de?ning a plurality of re?ective Bragg 
fringes. The bulk medium can be produced, for example, by 
recording a format hologram in a photosensitive medium, 
preferably a photopolymer. The periodic structure of the 
bulk medium de?nes a ?rst Bragg re?ection condition, so 
that the medium is relatively re?ective to light of speci?c 
Wavelengths incident upon the material at speci?c orienta 
tions With respect to a format hologram, and relatively 
transparent to other sources of light at particular Wavelength/ 
orientation combinations. 
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Generally, the format hologram itself does not represent 
stored data, and can be produced under controlled conditions 
in a factory environment. Instead, data are Written in the bulk 
medium by focusing a single Write beam onto desired 
storage locations Within the volume of the medium. The 
Write beam stores data locally by modi?cation of the 
medium. In a preferred embodiment of the present 
invention, in altered locations, a second Bragg re?ection 
condition is established that is distinct from the ?rst Bragg 
re?ection condition of the bulk medium, so that the alter 
ations can be detected as variations in the re?ectivity of the 
storage locations to a retrieval beam of light. The second 
Bragg condition may be achieved, e.g., by changing the 
fringe spacing and/or index of refraction at a data storage 
location. The retrieval beam may be tuned suf?ciently close 
to either the ?rst or second Bragg re?ection conditions to 
alloW substantial re?ection to distinguish the tWo Bragg 
re?ection conditions. Data storage and retrieval can be 
performed using relatively simple and inexpensive optical 
and mechanical components in a user environment. 

A preferred embodiment comprises a periodic spatially 
modulated refractive index, but in general, other index 
pro?les are possible, such as chirped pro?les. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1A is a schematic diagram of an elevational cross 
section of a bulk optical medium and tWo plane-Wave beams 
used to form interference fringes Within the medium. 

FIG. 1B is a schematic diagram of an elevational cross 
section of a bulk optical storage medium having a planar 
format hologram stored therein and a data bit recorded 
Within the hologram. 

FIG. 1C is a schematic diagram of an elevational cross 
section of an optical storage medium having a format 
hologram de?ning distinct layer storage subvolumes, With a 
data bit shoWn recorded Within a subvolume. 

FIG. 1D is a schematic diagram of an elevational cross 
section of an optical storage medium having a format 
hologram de?ning plurality of tube storage subvolumes, 
With a data bit shoWn recorded Within a subvolume. 

FIGS. 1E, 1F and 1G are cross sectional vieWs of format 
hologram grating structures shoWing a simple format 
hologram, a tWo constituent hologram and a four constituent 
hologram, respectively. 

FIG. 1H is a schematic diagram illustrating an exagger 
ated change in fringe spacing according to an embodiment 
of the invention. 

FIG. 2A is a schematic draWing of an optical data record 
ing system in accordance With a preferred embodiment of 
the present invention. 

FIG. 2B is a schematic draWing of an optical data retrieval 
system in accordance With a preferred embodiment of the 
present invention. 

FIG. 2C is a schematic draWing of an optical data record 
ing and/or retrieval system in accordance With another 
preferred embodiment of the present invention. 

FIG. 2D is a schematic draWing of an optical recording 
and/or retrieval system in accordance With yet another 
preferred embodiment of the present invention. 

FIG. 3 is a schematic draWing of a method for Writing data 
onto a storage location Within a bulk recording medium, 
according to a presently preferred embodiment of the 
present invention. 

FIG. 4A is a plot shoWing re?ectivity pro?le of a negative 
bit along a circumferential direction at a constant depth, in 
accordance With a preferred embodiment of the present 
invention. 

10 

15 

20 

25 

30 

35 

40 

45 

55 

60 

65 

4 
FIG. 4B is a plot shoWing re?ectivity vs. in-plane coor 

dinate indicating a positive bit in accordance With a pre 
ferred embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A novel technique for optical data storage involves the 
recording of a format hologram in a bulk optical medium, 
and then recording data in the medium by creating localiZed 
alterations in the format hologram at selected data storage 
locations. One approach to this type of optical data storage 
is described in copending US. patent application Ser. No. 
09/016,382 ?led on Jan. 30, 1998, in the name of inventor 
Hesselink et al., entitled “Optical Data Storage by Selective 
LocaliZed Alteration of a Format Hologram and/or retrieval 
by Selective Alteration of a Holographic Storage Medium” 
Which describes a data storage device comprising a format 
hologram in Which data is store at a plurality of depths 
therein by selective localiZed alteration of the format holo 
gram. Light re?ected from the focus of an incident beam of 
light is measured by confocal detection, and is optimally 
re?ected When Bragg-matched to the hologram grating at its 
beam Waist. Selective localiZed alteration serves to change 
the re?ectivity at the beam focus by locally changing the 
properties of the hologram. In this manner, data are repre 
sented by the changes in re?ectivity of the format hologram. 
The present invention provides a system and method for 

storage and/or retrieval of optical digital data using a bulk 
optical recording medium having a periodic, spatially 
modulated refractive index that varies along a single depth 
axis of the medium, de?ning a plurality of re?ective Bragg 
fringes. The bulk medium can be produced by recording a 
format hologram in the volume of a photosensitive medium, 
preferably a photopolymer. Various types of photopolymers 
may be used With the invention, and numerous examples of 
suitable photopolymers are described in detail by R. A. 
Lessard and G. Manivannan in “Selected Papers on 
Photopolymers”, SPIE Milestone Series, Vol. MS 114, SPIE 
Engineering Press, Bellingham, Wash. (1995), and in the 
references noted beloW. Those of ordinary skill in the art Will 
readily appreciate that other host materials may used in lieu 
of photopolymers, including glass and crystalline media. 
The periodic structure of the format hologram in the bulk 

medium de?nes a ?rst Bragg re?ection condition, so that the 
medium is relatively re?ective to light of speci?c Wave 
lengths incident upon the material at speci?c orientations 
With respect to a format hologram, and relatively transparent 
to other sources of light at particular Wavelength/orientation 
combinations. Data is Written by a Write beam Which is 
focused at selectable data storage locations Within the 
medium, and Which results in localiZed alterations of the 
format hologram at the selected data storage locations. The 
localiZed alterations de?ne a second Bragg re?ection con 
dition that is distinct from the ?rst Bragg re?ection condition 
of the medium, Which can then be detected as variations in 
the re?ectivity of the data storage locations to a retrieval 
beam of light. 

FIG. 1A is a cross-sectional elevational schematic draW 
ing of a bulk optical recording medium 10 used in a 
presently preferred embodiment of the invention. The bulk 
recording medium 10 shoWn in FIG. 1A has a periodic, 
spatially-modulated refractive index that varies along a 
single depth axis 12 of the material, de?ning a plurality of 
re?ective Bragg fringes 14. Preferably, the bulk medium 10 
is typically on the order of magnitude of 100 microns in 
thickness, for instance, about 100—200 pm, and the spacing 
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between Bragg fringes 14 is approximately one thousand 
times smaller, on the typical order of magnitude of 100 
nanometers, for instance, about 170 nanometers. The spac 
ings shoWn in FIG. 1A, therefore, are not draWn to scale. 

The periodic structure of the bulk recording medium 10 
de?nes a ?rst Bragg re?ection condition, so that the medium 
10 is particularly re?ective to light of certain frequencies 
incident upon the medium 10 at speci?c angles, and is 
relatively transparent to light from other sources. 
Speci?cally, if the spacing betWeen Bragg fringes is d, the 
index of refraction is n and the light is incident upon the 
medium 10 at an angle of 6 With wavelength A, then the 
Bragg re?ection condition is that the quantity 2ndsin6 
should be equal to Q»: )t=2ndsin6, in Which 6 is the angle 
betWeen the direction of propagation of a plane Wave and a 
Bragg fringe Within the medium. The Bragg re?ection 
condition de?nes peak re?ection. Generally, it is Well knoWn 
that substantial re?ection Will occur for a small range of 
Wavelengths at a ?xed angle, or a small range of angles at 
a ?xed Wavelength. In particular, the Bragg re?ection con 
dition depends on the spacing betWeen consecutive fringes. 
For a re?ection grating Bragg-matched for normal 
incidence, 6=rc/2, therefore >\,=2Ild. “Optical fringe spacing” 
is de?ned as nd. 

Apresently preferred method for creating the bulk record 
ing medium 10 comprises a holographic recording technique 
illustrated in FIG. 1A The photosensitive layer or medium 
10 can be formed, for example, by depositing a photopoly 
mer betWeen tWo glass plates. The photopolymer generally 
includes a polymeriZable monomer, and an active binder 
having a different refractive index than the monomer and 
resulting polymer. Light-induced polymeriZation of the 
monomer results in phase separation of the active binder and 
monomer/polymer at exposed portions of the medium, 
Which in turns results in refractive index variations Within 
medium 10. The preferred photopolymers for use With the 
invention are described further beloW. 

The bulk recording medium 10 is formed by exposing a 
planar, initially homogeneous photosensitive layer of mate 
rial to tWo coherent monochromatic light beams 16a and 
16b. Beams 16a and 16b can be generated from a single 
beam of laser light using a beam splitter and optical elements 
Well-knoWn to those of ordinary skill in the art of hologra 
phy. The beams 16a and 16b are incident upon opposite 
sides 18a and 18b of the material at slightly oblique angles. 
An interference pattern of light and dark fringes is estab 
lished that alters the refractive index in the bulk material in 
those parts of the layer Where beams 16a and 16b construc 
tively interfere. The spacing betWeen these fringes Will be on 
the order of half the Wavelength of beams 16a and 16b. 
Preferably, the hologram is formed in a photopolymer, 
Which is then ?xed to render the photopolymer insensitive to 
further holographic exposure at the Wavelength used to 
record the format hologram. Data are then recorded bit-Wise 
as local alterations of the format hologram at discrete 
physical locations, using a data Writing beam With a Wave 
length different from that used for recording the format 
hologram. 

FIG. 1B illustrates a schematic diagram of a bulk optical 
storage medium 20 having a recorded data bit 22 stored 
therein. The recorded data bit 22 is formed by disrupting or 
altering the format hologram in the bulk optical storage 
medium 20 Where data bit 22 is located Within medium 20. 
Medium 22 Will generally include a plurality of additional 
data bits (not shoWn) like data bit 22, Which are recorded at 
selected data storage or bit locations throughout medium 20. 
One method of data encoding according to the present 
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6 
invention is to represent one binary data state by leaving the 
format hologram unaltered at a bit location, and to represent 
the other data state by altering the grating fringes of the 
format hologram at a bit location as is illustrated schemati 
cally by region 22. 

In one embodiment of the present invention, grating 
fringes are altered by changing the fringe spacing and/or 
changing the index of refraction. The schematic in FIG. 1B 
is intended to shoW a generic alteration of the format 
hologram at a bit location, Which may be a fringe deletion, 
a local alteration of grating fringes, or other types of 
alteration. FIG. 1H shoWs a schematic that illustrates an 
exaggerated change in fringe spacing according to an 
embodiment of the present invention. 
The format hologram of FIGS. 1A and 1B can be used to 

store data at multiple layers Within the volume of a bulk 
medium. Layer and/or track de?nition can be used to pre 
determine layers and/or tracks for data location and gener 
ally a more complex format hologram grating structure than 
the planar structure shoWn in FIGS. 1A and 1B. These 
complex format hologram grating structures can aid in the 
identi?cation and location of speci?c layers and/or tracks. 

Spatially modulated refractive index pro?les With struc 
ture can be generated by superimposing more than one 
distinct hologram grating. FIGS. 1C and 1D are schematic 
diagrams illustrating cross sectional vieWs of periodic spa 
tially modulated refractive index pro?les having more than 
one distinct hologram grating. The index pro?le illustrated 
in FIG. 1C depicts an optical storage medium 30 having a 
plurality of distinct layer storage subvolumes 32 stacked 
along the depth of the holographic storage material 30. Each 
layer storage subvolume 32 is characteriZed by the presence 
of re?ective fringes 34 of the spatially modulated refractive 
index pro?le, While the space 36 betWeen adjacent subvol 
umes 32 is characteriZed by relative lack of variation in the 
index of refraction Within the medium 30. Thus, each layer 
storage subvolume 32 is more re?ective than the space 36 
betWeen the volumes. The spatial variation of the index of 
refraction along the depth of the medium 30 is characteriZed 
by at least tWo closely-spaced hologram grating vectors. In 
this embodiment data are preferably recorded Within layer 
storage subvolumes 32. Adata bit 38 is illustrated as a local 
alteration of the index pro?le. The spacings betWeen fringes 
34 and the space 36 betWeen adjacent subvolumes 32 are by 
Way of example and, therefore, are not depicted to scale. 

The spatially modulated refractive index pro?les illus 
trated in FIG. 1D depict a holographic storage medium 40 
having a plurality of distinct storage subvolumes 42 
arranged in concentric tubes throughout the volume of the 
bulk storage medium 40. This ?gure illustrates a cross 
sectional vieW of the depth and radius of the material; in disk 
media the tubes extend circumferentially into the plane of 
the cross-section. Each tube storage subvolume 42 is char 
acteriZed by the presence of re?ective fringes 44 of the 
spatially modulated refractive index pro?le, While the space 
46 betWeen adjacent subvolumes 42 is characteriZed by 
relative lack of variation in the index of refraction Within the 
medium 40. Thus, each tube storage subvolume 42 is more 
re?ective than the space 46 betWeen the volumes 42. The 
spatial variation of the index of refraction is characteriZed by 
at least three distinct hologram gratings. In this embodiment 
data are preferably recorded Within tube storage subvolumes 
42. A data bit 48 is illustrated as a local alteration of the 
index pro?le. The spacings betWeen fringes 44 and the space 
46 betWeen adjacent subvolumes 42 are by Way of example 
and, therefore, are not depicted to scale. 

FIG. 1E shoWs a simple format hologram as illustrated 
schematically in FIGS. 1A and 1B. Additionally, FIGS. 1F 
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and 1G show format hologram grating structures having 
complex structures for layer and track de?nition. For layer 
only de?nition, FIG. 1F shoWs a cross sectional vieW of a 
format hologram grating structure having tWo constituent 
holograms for track and layer de?nition as illustrated sche 
matically in FIG. 1C. The radius of the format hologram 
grating structure is represented by the horiZontal axis and the 
depth of the format hologram grating structure is represented 
by the vertical axis. FIG. 1G shoWs a format hologram 
grating structure having four constituent hologram gratings 
for tube track and layer de?nition as illustrated schemati 
cally in FIG. 1D. These constituent holograms exist through 
out the entire volume and locally interfere to produce a 
re?ection hologram grating structure With a spatially varying 
envelope, as shoWn in FIGS. 1F and 1G. Methods for 
generating such format hologram grating structures are 
omitted from this disclosure in order to avoid overcompli 
cating the disclosure. For a detailed disclosure of generating 
tWo and four constituent format holograms and format 
hologram grating structures see, for example, US. patent 
application Ser. No. 09/016,382 ?led on Jan. 30, 1998, in the 
name of inventors Hesselink et. al. entitled “Optical Data 
Storage by Selective LocaliZed Alteration of a Format 
Hologram” and US. patent application Ser. No. 09/229,457 
?led on Jan. 12, 1999, in the name of inventors Daiber et. al., 
entitled “Volumetric Track De?nition for Data Storage 
Media Used to Record Data by Selective Alteration of a 
Format Hologram”. 

Local alteration of the format hologram can be achieved 
by substantial local heating of a photopolymer. Local heat 
ing results in local inelastic expansion or contraction. 
Generally, photopolymers of thicknesses in the range of 
about 100 to 200 microns that absorb about 50% of incident 
optical poWer alloW for local inelastic expansion under 
illumination of lasers operating on the order of several 
hundred milliWatts and focused With a numerical aperture of 
about 0.5 or higher, for exposure times in the range of one 
microsecond to one millisecond. The required optical 
absorption can be achieved by several different physical 
processes that include, but are not limited to photochromism 
and thermochromism. 

In one embodiment of the invention, given by Way of 
example and not necessarily by Way of limitation, the 
photosensitive medium is a photopolymer based on cationic 
ring-opening polymeriZation using media similar to those 
described in US. Pat. No. 5,759,721, issued Jun. 2, 1998 
entitled “Holographic Medium and Process for Use 
Thereof” by inventors Dhal et.al., “Holographic Recording 
Properties in Thick Films of ULSH-500 Photopolymer”, D. 
A. Waldman et al., SPIE Vol. 3291, pp.89—103 (1998), in 
“Determination of LoW Transverse Shrinkage in Slant 
Fringe Grating of a Cationic Ring-Opening Volume Holo 
gram recording Material,” Waldman et al., SPIE Vol. 3010, 
pp. 354372 (1997), “Cationic Ring-Opening Photopolymer 
iZation Methods for Volume Hologram Recording, D. A. 
Waldman et al., SPIE Vol. 2689, pp. 127—141 (1996), 
“Holographic Medium and Process,” by Dhal et al., WO 
97/44714 (1997), “Holographic Medium and Process,” by 
Dhal et al., WO 97/13183 (1997), and “Holographic 
Medium and Process,” by Dhal et al., WO 99/26112 (1999). 
These types of photopolymer media typically comprise 
about 3 to about 10 percent by Weight of photo-acid 
generator, about 20 to about 60 percent by Weight of active 
binder and from about 40 to about 70 percent by Weight 
cationic ring-opening monomer(s). Other suitable composi 
tions can be readily determined empirically by those of 
ordinary skill in the art. Additionally, a sensitiZer may be 
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8 
added to the photopolymer material to alloW format holo 
grams to be recorded at a desired Wavelength. Those of 
ordinary skill in the art Will realiZe that the sensitiZer chosen 
for a speci?c application Will be suitable for the correspond 
ing photopolymer. The sensitiZer chosen Will generally 
exhibit absorption at the desired Wavelength and, upon 
excitation, the sensitiZer Will be capable of transferring an 
electron to the photo acid generator. 

These photopolymer compositions provide a monomer/ 
polymer having a relatively loW refractive index and an 
active binder of relatively high refractive index. Photoin 
duced polymeriZation of the monomer induces phase sepa 
ration of the monomer/polymer and active binder to form 
loW and high refractive index regions to record the holo 
gram. The term “active binder” is used herein to describe a 
material Which plays an active role in the formation of a 
holographic grating. That is, the holographic recording 
process imparts a segregation of active binder from mono 
mer and/or polymer. The active binder is appropriately 
chosen such that it provides a periodic refractive index 
modulation in the photopolymer. An active binder, in this 
sense, can be differentiated from the typical use of inert 
binder materials in photopolymers to impart mechanical 
properties or processability. The active binder may addition 
ally serve other purposes, such as those of a conventional 
inert binder. 
More speci?cally, the preferred photopolymer composi 

tions generally comprise one or more photoacid generators, 
one or more sensitiZing dyes, polymeriZable CROP 
monomers, and a high refractive index active binder or 
binders, Which are typically loW molecular Weight silicones. 
Speci?c photoacid generators used in these compositions 
include 4-octylphenyl(phenyl)iodonium 
hexacuoroantimonate, bis(methylphenyl)iodonium tetrakis 
penta?uorophenyl)borate, cyclopentadienyl cumene iron(II) 
hexa?uorophosphate, and/or cumyltoluliodonium tetrakis 
(penta?uorophenyl) borate. The sensitiZer for these photo 
acid generators is preferably 5,12 bis(phenyl-ethynyl) 
naphthacene, Which sensitiZes the photoacid generators to 
absorption at green Wavelengths. Preferably, the monomer is 
a difunctional cyclohexene oxide monomer such as 1,3-bis 
[2-(3{7oxabicyclo[4.1.0]heptyl}) ethyl]tetramethyl 
disiloxane, Which is available from Polyset Corp. under the 
name PC-1000TM, and/or a tetrafunctional monomer such as 
tetrakis[2(3{7-oxabicyclo[4.1.0]heptyl})ethyl 
(dimethylsilyloxy)silane, Which is available from Polyset 
Corp under the name PC-1004TM. The active binder is 
typically DoW Corning 710TM poly(methylphenylsiloxane) 
?uid, DoW Corning 705TM 1,3,5-trimethyl-1,1,3,5,5 
pentaphenyltrisiloxane, and/or a like silicone oil. The above 
combined ingredients are generally referred to as “photo 
polymer.” 

In photopolymer compositions such as those described 
herein in Which the photoacid generators include, for 
example, iodonium salts comprising a tetrakis 
(penta?uorophenyl) borate anion, e.g., cumyltolyliodonium 
tetrakis (penta?uorophenyl) borate and/or bis 
(methylphenyl)iodonium tetrakis (penta?uorophenyl) 
borate, optical absorption can be increased after recording a 
format hologram by exposure to UV light. Those skilled in 
the art are readily capable of determining the exposure 
required to achieve a desired absorption of light in such 
systems. 
The folloWing is a speci?c example of a photopolymer 

medium used With the present invention. PC-1000TM and 
PC-1004TM monomers from Polyset Corp. are dried prior to 
use by passage through activated silica (high purity grade, 










